Abstract: Zeolites are crystalline aluminosilicate framework materials with corner sharing TO 4 (T = Al, Si) tetrahedra forming well-defined pores and channels. Many zeolites are built from similar building units (i.e., isolated units, chains or layers), which are connected in different ways to form a variety of topologies. We have identified ten zeolite frameworks that share the same two-dimensional "butterfly" net containing 5-, 6-and 10-rings: *MRE, FER, MEL, SZR, MFS, MFI, TUN, IMF, BOG and TON. Different orientations of the TO 4 tetrahedra within the layer lead to different connectivities between neighboring layers. Some layers are corrugated and some are flat, resulting in different channel systems parallel to the layer. We found some interesting relationships between the unit cell parameters and this channel system that allow the size of the channels and their directions to be deduced from the unit cell dimensions. This may facilitate the prediction of new members of this zeolite family. In addition, other zeolites containing the "butterfly" layers are also discussed.
Introduction
Zeolites are crystalline aluminosilicates with threedimensional frameworks built from vertex-sharing TO 4 (T = Al, Si) tetrahedra. Each tetrahedron is connected to four other tetrahedra to form a four-connected framework with well-defined pores and channels. These channels can intersect to form one-, two-or three-dimensional channel systems. Zeolites have a broad range of applications in industry, particularly in the areas of catalysis, ion exchange and separation. It is the size of the pore openings and the dimensionality of the channel system of a given zeolite that govern the size selectivity and rate of diffusion through its channels, and therefore its suitability for a specific application.
Currently there are 225 framework types in the Database of Zeolite Structures that have been approved by the Structure Commission of the International Zeolite Association (IZA-SC) [1] . Of these, the most important framework types for catalysis are FAU (3D 12-ring channels) [2] , MFI (3D 10-ring channels) [3] , MOR (1D 8-and 12-ring channels) [4] , FER (2D 8-and 12-ring channels) [5] , and *BEA (3D 12-ring channels) [6] . Despite the low number of zeolites actually used in industrial processes, the search for new zeolites with unique channel systems continues to spark the interest of zeolite chemists. Different approaches have been developed to enumerate and predict hypothetical zeolite structures [7] [8] [9] [10] . Indeed, millions have been predicted and are listed in databases [8, [11] [12] [13] . However, despite considerable effort, the realization of a particular structure through rational synthesis design remains a major challenge.
One strategy for predicting zeolite structures is based on combining layers found in known frameworks in different ways. For example, more than 20 framework types belong to the ABC-6 family of zeolites, which contain layers of 6-rings arranged hexagonally [14] . 4.8 2 nets are found in more than 20 zeolites [15, 16] , and the tetragonal beta layer has generated a family of disordered structures known as the beta family [17] [18] [19] . The TO 4 tetrahedra in a layer can point either up or down to connect to the layer above or below to form a 3D framework. The neighboring nets are related either by simple translations or by certain symmetry operations, and are further connected to construct different members of the same family [15] . The neighboring layers can also be rotated with respect to one another, as in the cases of the zeolite beta polymorphs [6] , and the silicogermanate SU-32 (STW) [20] . In SU-32, the neighboring layers are rotated by 60° before being connected to form a chiral framework with helical channels.
Determining the structure of a zeolite is often challenging, because zeolites tend to have complex structures with large unit cells and often occur in the form of polycrystalline powders. Model building based on the similarities between measured unit cell dimensions and those of known structures has proven to be a powerful approach, and many zeolite structures have been solved in this way [21] . For example, the unit cell of SSZ-52 (code: SFW) indicated that SSZ-52 probably belonged to the ABC-6 family with a 9-layer double 6-rings (d6r [22] ) stacking [23] . Another example is that of ITQ-38 (code: ITG). Highresolution electron microscopy showed that ITQ-38 had a perfect intergrowth with ITQ-22 (code: IWW), and two of the unit cell dimensions are similar. It was concluded that ITQ-22 and ITQ-38 were likely to contain the same layer, and a structure model for ITQ-38 could be deduced from the HRTEM image [24] .
Knowing the structural relationships between different zeolite frameworks not only provides important information for structure determination, but also facilitates the prediction of new zeolite structures. Akporiaye studied the structural relationships in a series of high-silica zeolites containing 5-rings, and predicted a large number of 5-ring zeolites [25] . An important building unit is the edge-sharing 5-ring chain, which can be used to generate different 2D nets. One such net is that found for example in MFI (ZSM-5) [3] and FER (ferrierite) [5] with 5-, 6-and 10-rings ( Figure 1 ). This net contains the well-known "butterfly" configuration of a 6-ring (the body of the butterfly) surrounded by four 5-rings (the wings) and occurs in a number of high-silica zeolite structures. For simplicity, we will refer to this net as the butterfly net hereafter, and the building layer in zeolites that corresponds to the butterfly net as the butterfly layer. The vertex symbol for this layer is [5.6.10] 2 [5 2 .10] 3 [5 2 .6]. We have identified ten zeolite frameworks from the Database of Zeolite Structures that can be built solely from this butterfly net. We call them the members of the butterfly family of zeolites. Interestingly, the channel systems in these zeolites range from one dimension (1D) to three dimensions (3D), and the pore openings vary from 8-ring to 12-ring. We noticed that the butterfly layers are significantly corrugated in some zeolites and flat in others. Corrugation of the layer would cause both the shortening of the unit cell dimensions and formation of channels parallel to the layer. Here, we study the relationship between the unit cell dimensions and channel systems in this butterfly family of zeolites.
Identification of the members of the butterfly family of zeolites
The members of the butterfly family were identified by searching the Database of Zeolite Structures [1] for the 5-1 secondary building unit (SBU), 5-, 6-and 10-rings or unit cell parameters around 20 Å and 14 Å. Search hits from each of these criteria were manually filtered and ten zeolite frameworks emerged: *MRE (ZSM-48) [26] , FER ( ferrierite) [5] , MEL (ZSM-11) [27] , SZR (SUZ-4) [28] , MFS (ZSM-57) [29] , MFI (ZSM-5) [3] , TUN (TNU-9) [30] , IMF (IM-5) [31] , BOG (boggsite) [32] and TON (theta-1) [33] . One more framework, MTT (ZSM-23) [34] is closely related, but its layer is slightly different. Another nine frameworks containing the butterfly layer (PCR (IPC-4) [35] , -SVR (SSZ-74) [36] , OKO (COK-14) [37] , SFS (SSZ-56) [38] , CON (CIT-1) [39] , TER (terranovaite) [40] , MEP (melanophlogite) [41] , MTN (ZSM-39) [42] and GON (GUS-1) [43] ) have been identified by Topos Pro [44] . However, these frameworks cannot be built from this layer alone and will be discussed separately later in the paper.
Due to the differences in the symmetries and unit cell settings of these framework structures, the butterfly layers are oriented perpendicular to different crystallographic axes. In order to facilitate the comparison, the unit cell axes were re-configured so that the net is in the ab-plane Tab. 1: Re-configured unit cell parameters (a, b and c), space groups and channel ring sizes for the ten members of the butterfly family of zeolites. with a ≈ 14 Å and b ≈ 20 Å. The same approach was applied to TUN (which has a doubled a-axis) and IMF (which has a tripled b-axis). The unit cell parameters, space groups and channel sizes and dimensions for the ten framework structures are summarized in Table 1 . The unit cell and space group of the idealized SiO 2 framework were used in each case. We found that these unit cell parameters do not deviate significantly from those of the type materials. In this paper, the unit cell dimensions referred to are always those listed in Table 1 , rather than those in the literature.
Comparison of the unit cell dimensions and channel direction
The single butterfly layer was extracted from each of the ten frameworks, as shown in Figure 2 . It can be seen that all the layers are very similar, apart from some minor geometric distortions. They all have orthogonal axes except for TUN, where the angle between a and b is 93°. The framework structures of the butterfly family are built by stacking the butterfly layers along the c-axis, with the layers related to one another by a mirror plane or an inversion center. All the TO 4 tetahedra in the layer are three-connected, leaving the 4th connection pointing either up (U) or down (D). As indicated in Figure 2 , the U and D arrangements of the TO 4 tetahedra within the butterfly layer differ from structure to structure. Therefore the connections to the neighboring layers also differ and result in different three-dimensional frameworks.
As shown in Table 1 , of the ten frameworks of the butterfly family of zeolites, the building layer in *MRE has the largest unit cell dimensions (a = 14.562 Å, b = 20.314 Å), so these are used as the reference. The deviations of the a-and b-parameters from those of *MRE are calculated for each member in the butterfly family, as listed in Table 1 . Figure 3 shows the butterfly layers for all the members viewed on the same scale along the a-and b-axes, respectively, and the differences in the unit cell dimensions are clearly seen. The three-dimensional frameworks of all ten members viewed perpendicular to the c-axis are shown in Figure 4 , where the connectivities between the layers can be seen.
The a-dimension of the BOG framework is shorter than that of the *MRE framework by 1.893 Å. This difference can be seen clearly in Figure 3A , where the building layers of *MRE and BOG are viewed along the b-axis. The layer in *MRE is flat, so the stacking of this layer along the c-axis results in close packing (Figure 4) . Therefore there are no channels along the b-axis. The layer in BOG, on the other hand, has significant ripples. This layer is connected to another layer stacked along the c-axis, with ripples in the opposite direction. 12-ring channels along the b-axis are therefore created in the ripples, as shown in Figure 4 . A comparison of the layers in *MRE and BOG shows that there is a direct link between the shortened dimension (along the a-axis) and the existence of large channels along the direction perpendicular to the shortened dimension (along the b-axis). This can be understood easily from the fact that the T-O distances in zeolite framework structures are very well defined. The shortening along a dimension of the butterfly layer inevitably creates ripples along the same direction, which in turn creates channels in the direction perpendicular to it.
The b-dimension of BOG is shorter than that of *MRE by 0.300 Å. The difference in this dimension is much smaller than that along the a-axis. It can be seen that both the layers are flat along the b-axis ( Figure 3B ). The stacking of these flat layers along the c-axis results in close packing and channels are absent along the a-axis. Following the analysis for the b-dimensions of *MRE and BOG above, we can conclude that if a unit cell dimension of the butterfly layer shows little difference from the corresponding dimension in *MRE, the layer can be expected to be flat along that direction and no channels will form along the perpendicular direction.
The analysis above can be applied to the observations for framework structures MEL and MFI also. They show changes in the a and b unit cell dimensions similar to those of BOG. MEL has a-and b-dimensions shorter than those of *MRE by 1.103 Å and 0.044 Å, respectively, while for MFI the differences are 1.420 Å and 0.224 Å, respectively. Both frameworks have 10-ring channels along the b-axis (Figures 3 and 4) . The shortening of the b-axis is small for both MEL and MFI, similar to that in BOG. Accordingly, no channels are expected along the a-axis.
In contrast to BOG, MEL and MFI, the a-dimensions of the frameworks SZR, MFS, FER and IMF are only slightly shorter than that of *MRE, with the differences ranging from 0.161 Å to 0.266 Å. As expected from the above analysis and also seen in Figure 3 , no channels are present along the b-axes. For these four framework structures, the shortening of the b-axes is larger, ranging from 1.296 Å to 1.385 Å. This is comparable to the shortening of the a-axes for BOG, MEL and MFI. Therefore we expect SZR, MFS, FER and IMF to have channels running parallel to the b-axes. Indeed, SZR, MFS and FER have 8-ring channels along the b-axes, while IMF has 10-ring channels along the same direction.
The framework structures described above display a significant shortening along either the a-or the b-axis, with only small changes in the other. TUN, however, shrinks along both the a-and the b-axes, by 0.640 Å and 0.717 Å, respectively. These differences are about half those observed for the frameworks with a shrinkage along a single axis. There are no channels along either the a-axis or b-axis in TUN (Figure 3) . However, if we consider the diagonal of the unit cell, it has shrunk by 0.989 Å, which is then comparable to the shrinkage observed in the previously described structures. Indeed, TUN has 10-ring channels running along the diagonal (Figures 2 and 4) .
The a-axis of the TON framework is shorter than that of *MRE by 0.457 Å. This is larger than the shortening of the a-axes of SZR, MFS, FER and IMF which do not have channels along the b-axis, but smaller than TUN which has channels along the diagonal. This would suggest that the TON framework has no channels along the b-axis or the diagonal. The b-axis of the TON framework is shorter than that of *MRE by 2.472 Å. This is the largest deviation seen for any of the members of the butterfly family. By looking at this large deviation alone, we would expect large channels along the a-axis. However, TON has a very short unit cell (5.256 Å) along the stacking direction (c-axis), which precludes the presence of any channels (Figure 3) . The TON framework has only one-dimensional 10-ring channels along the c-axis. Although the TON framework has the shortest b-axis of all the members of the butterfly family, there are no large ripples in the butterfly net (Figure 3) .
Prediction of the ring sizes and channel dimensions
The analysis above shows that the shrinking of the unit cells of the butterfly layer relative to that of the *MRE framework can be used to deduce the presence and directions of channels perpendicular to the stacking direction of the layers. There seems to be a correlation between the c-parameter and the ring sizes of the channels. BOG, with the longest c-axis (23.6 Å), has 12-ring channels (and the largest shrinkage along the a-axis), while those with 20 Å c-axes (MFI, MEL, TUN, and IMF) have 10-ring channels, those with 7.5 Å c-axes (FER, MFS and SZR) have 8-ring channels, and TON, with a 5.3 Å c-axis has no channels. However, it must be noted that the reference structure *MRE, with a c-axis of 8.3 Å and no channels does not fit into this scheme. We also noticed that in each of the ten zeolite frameworks of the butterfly family, a mirror plane perpendicular to the c-axis is always present. It is interesting to study in detail how the channel size and dimension are related to the c-parameter and the symmetry. The full channel systems of the ten zeolite members in the butterfly family are shown in Figure 5 .
Although the TON framework has the largest shrinkage of the b-axis of all the members of the butterfly family, there is no channel parallel to the butterfly layer because the c-axis (5.256 Å) is too short. TON has the space group Cmcm, so all the T-atoms have to lie on the mirror plane perpendicular to the c-axis to avoid short T···T distances (Figure 4) .
The next group, FER, MFS and SZR, have c-axes close to 7.5 Å. A search in the Database of Zeolite Structures shows that no zeolite with a cell dimension of < 8 Å has 10-or larger ring channels perpendicular to that direction. The space group is Immm for FER, Im2m for MFS, and Cmmm for SZR. In all three, half of the symmetry-independent T-atoms lie on the mirror plane perpendicular to the c-axis (Figures 3 and 4) . The mirror generates a double layer of butterfly layers that share the T-atoms on the mirror plane. The double layers are further connected along the c-axis to form a 3D framework. A c-axis of 7.5 Å only allows one such double layer per unit cell and the channels are also on the mirror planes. Thus the channel is most likely to have an 8-ring pore opening. In FER and MFS, the 8-ring channels are arranged in a centered manner in the ac projection following the body-centering (Figure 4) , while in SZR, the 8-ring channels are arranged in an orthogonal manner (Figures 3 and 4) . In SZR, the 10-ring channels along the c-axis are between the 8-ring channels along the a-axis (Figure 2) , resulting in the short distance of 1/4b (4.72 Å) between the centers of the 8-and 10-ring channels. This short distance means that each 10-ring channel connects to the two 8-ring channels on either side of it to form a 3D channel system ( Figure 5 ). All the channels are inter-connected. In FER and MFS, the 10-ring channels along the c-axis intersect the 8-ring channels along the a-axis exactly ( Figure 2 ) and are far away from other 8-ring channels, resulting in 2D channel systems ( Figure 5 ).
It is interesting to understand why *MRE does not have any channels perpendicular to the c-axis, although it has a large c-dimension (8.257 Å). One possible reason could be that the increase in the c-axis compared to those for FER, MFS and SZR makes it difficult to place any T-atoms on the mirror plane. The butterfly layers in *MRE do not share any common T-atoms as they do in FER, MFS and SZR. *MRE has the space group Imcm. The c-axis of 8.257 Å only allows two butterfly layers per unit cell. The mirror plane has to be located half-way between the layers to avoid short T···T distances, so all the T···T connections between the layers are perpendicular to the layer. The flat butterfly layer combined with the T···T connections between the layers precludes the formation of channels perpendicular to the c-axis.
The MFI, MEL, TUN and IMF frameworks have similar c parameters of about 20 Å, with the space groups Pbnm, I 4̅ m2, B112/m, and Cmcm, respectively. All four have double butterfly layers. These double layers are different for different structures, because of the different UD arrangements in the butterfly layers. However, each has two double layers per unit cell, located half-way between the mirror planes perpendicular to the c-axis. They all have 10-ring channels perpendicular to the c-axis, located on the mirror planes. The channels are arranged in a centered manner, generated by the n-glide plane perpendicular to the b-axis for MFI, by the I-centering for MEL, and by the B-centering for TUN. The 10-ring channels along the c-axis connect with the 10-ring channels perpendicular to them, but at different heights, so 3D channel systems are formed ( Figure 5 ). All channels in MFI, MEL and TUN are inter-connected. In IMF, the 10-ring channels are not equally spaced along the long b-axis (56 Å) ( Figure 2) . As a result, the 10-ring channels along the c-axis only connect with some of the 10-ring channels perpendicular to them, but at different heights. Thus, the channel system is 3D locally, but there are walls between these 3D sections making the channel system 2D.
The last member, BOG, has the longest c-axis (23.58 Å) with the space group Imcm. As in the previous group, two butterfly layers form a double layer and there are two double layers per unit cell. These are located half-way between the mirror planes perpendicular to the c-axis. There are 12-ring channels perpendicular to the c-axis, located on the mirror planes. The channels are arranged in a centered manner, generated by the I-centering. The 10-ring channels along the c-axis intersect the 12-ring channels perpendicular to them, but at different heights to form a 3D channel system ( Figure 5) .
We have shown that it is possible to deduce the size of the pore opening and the channel dimension based on the unit cell dimensions and symmetry. However, it is difficult to determine the position of the channels with respect to the layers. It can be seem from Figure 2 that the channels along the same directions (along the a-or b-axes) appear at different positions relative to the layers in different structures.
Other structures related to the butterfly family
The ten members of the butterfly family found in the database can all be built simply by stacking the butterfly layer along its normal. All the layers are related by symmetry (mirror planes or inversion centers). Another nine framework structures in the database (PCR, -SVR, OKO, SFS, CON, TER, MEP, MTN, and GON) also contain butterfly layers, but they cannot be constructed from these layers alone ( Figure 6 ).
The MTT framework has unit cell dimensions a = 5.256 Å, b = 22.031 Å, c = 11.384 Å and space group Pmmn. A layer perpendicular to the a-axis is cut out from the MTT framework and shown in Figure 6a . MTT is built by stacking this layer along the a-axis. It can be seen that the layer is similar to that of the butterfly family, but it is not identical (the "butterflies" are arranged differently).
The PCR framework has unit cell dimensions a = 20.1437 Å, b = 14.0723 Å, c = 12.5223 Å and space group C2/m. A butterfly layer in the ab plane of the PCR framework is shown in Figure 6b . The unit cell dimensions of this layer are very similar to those of the layers in the butterfly family. However, the PCR framework cannot be built from this layer and its symmetry related ones alone. In the [010] projection of PCR (Figure 6c) , it can be seen that PCR requires additional building units and that the stacking is not along the normal to the layers, resulting in a β angle very different from 90°. The remaining eight zeolites framework types shown in Figure 6c also require additional building units to complete the structure. 
Conclusions
We have identified ten zeolite frameworks from the Database of Zeolite Structures that can be built only from layers corresponding to a butterfly net containing 5-, 6-and 10-rings. Different orientations of the TO 4 tetrahedra with respect to the layer and the resulting connectivity to neighboring butterfly layers result in a variety of zeolite frameworks with different channel systems. We found that the direction of the channels parallel to the layer affect the unit cell parameters of the layer. By taking the length of the c-axis and the symmetry into account, it may also be possible to predict the size and dimensionality of the channels. This may be helpful for prediction of new members in the butterfly zeolite family.
